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QUANTUM CASCADE LASERS WITH
IMPROVED PERFORMANCE USING
INTERFACE ROUGHNESS SCATTERING

CROSS-REFERENCE TO PRIOR FILED
APPLICATIONS

This application claims priority to earlier filed provisional
applications 61/537,409 filed on Sep. 21,2011 which is incor-
porated herein in its entirety.

UNITED STATES GOVERNMENT RIGHTS

This invention was made with government support under
MIRTHE (NSF-ERC, # EEC-0540832) and DARPA-EMIL.
The government has certain rights to this invention.

FIELD OF INVENTION

The present invention relates to quantum cascade lasers.
More particularly, it relates to quantum cascade lasers designs
incorporating interface roughness induced intersubband scat-
tering.

BACKGROUND

Quantum Cascade (QC) lasers are one of the key optical
sources in the mid- and far-IR spectral range. In particular,
QC lasers are well suited for applications in health and envi-
ronment such as breath analysis, trace gas sensing, etc. For
this reason, there is strong interest in the optimization of QC
laser performance at room temperature with high power effi-
ciency. There are many factors that influence the performance
of QC lasers. For example, the electron transit time of many
different Quantum Cascade lasers has been measured and
compared to the calculated upper laser level lifetimes with
and without taking into account interface roughness induced
intersubband scattering. Improved designs are possible tak-
ing into account interface roughness induced intersubband
scattering.

SUMMARY OF THE INVENTION

A quantum cascade laser and method of making are dis-
closed. The quantum cascade laser includes a plurality stages
configured in a cascade structure, each stage having a quan-
tum well emission layer and an injection layer, each stage
having an upper laser level and a lower laser level. A scatter-
ing barrier is located in the quantum well emission layer, the
scattering barrier being positioned such that interface rough-
ness (IFR) scattering at the lower laser level is greater than
IFR scattering at the upper laser level.

The scattering barrier may be located to maximize IFR
scattering for the lower laser level. The scattering barrier may
be located to minimize IFR scattering for the upper laser
level. The scattering barrier may be located to maximize IFR
scattering for the lower laser level and minimize scattering for
the upper laser level. The quantum well emission layer may
be dimensioned with a spacing between the energy levels
larger than LO-phonon spacing.

The scattering barrier may have a thickness configured to
set laser parameters. Each stage may be configured with a
plurality of quantum wells. The quantum well emission layer
may have two quantum wells, each quantum well having a
scattering barrier positioned such that IFR scattering at the
lower laser level is greater than IFR scattering at the upper
laser level. The scattering barrier may have an interface
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2

roughness configured to increase laser performance. The
interface roughness may be modified using growth interrupts.

A method of making a quantum cascade laser is also dis-
closed. The method includes forming a plurality stages con-
figured in a cascade structure, each stage having a quantum
well emission layer and an injection layer, each stage having
an upper laser level and a lower laser level. The method also
includes forming a scattering barrier located in the quantum
well emission layer, the scattering barrier being positioned
such that interface roughness (IFR) scattering at the lower
laser level is greater than IFR scattering at the upper laser
level.

The scattering barrier may be located to maximize IFR
scattering for the lower laser level. The scattering barrier may
be located to minimize IFR scattering for the upper laser
level. The scattering barrier may be located to maximize IFR
scattering for the lower laser level and minimize scattering for
the upper laser level. The quantum well emission layer may
be dimensioned with a spacing between the energy levels
larger than LO-phonon spacing.

The scattering barrier may be formed with a thickness
configured to set laser parameters. Each stage may be formed
with a plurality of quantum wells. The quantum well emission
layer may be formed with two quantum wells, each quantum
well having a scattering barrier positioned such that IFR
scattering at the lower laser level is greater than IFR scattering
at the upper laser level. The scattering barrier may be formed
with an interface roughness configured to increase laser per-
formance. The interface roughness may be modified using
growth interrupts.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1a is a conduction band diagram of a Quantum Cas-
cade laser;

FIG. 15 is an example of a ‘baseline’ design of a QCL
quantum well emission layer;

FIG. 1c is an example of a “lower efficiency” QCL active
region with a scattering barrier disposed in the 2”¢ quantum
well;

FIG. 1d is an example of a “higher efficiency” QCL active
region with a scattering barrier disposed in the 3" quantum
well;

FIG. 2 is a conduction band diagram of a QC laser with the
parabolas representing the energy dispersion for upper (sub-
band 2) and lower (subband 1) laser levels;

FIG. 3a is a graph showing upper laser level lifetimes
calculated for different QC laser designs in various wave-
length regions;

FIG. 35 is a graph showing lower laser level lifetimes
calculated for different QC laser designs in various wave-
length regions;

FIG. 4 is a graph showing the calculated upper laser level
lifetimes when both LO-phonon and IFR scattering are taken
into account as a function of wavelength;

FIG. 5is a graph showing the current-voltage characteristic
of a non-lasing circular mesa sample at T=80 K;

FIG. 6 is a graph showing measured transit lifetimes as a
function of the lasing wavelength; and

FIG. 7 is a graph showing the calculated upper laser level
lifetimes plotted as a function of half the measured transit
lifetimes with (triangles) and without (circles) taking into
account of interface roughness scattering.

DETAILED DESCRIPTION OF THE INVENTION

Quantum Cascade (QC) lasers have become one of the key
optical sources in the midinfrared (mid-IR) spectral range. In
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particular, QC lasers are well suited for applications in health
and environmental sensing such as greenhouse gas monitor-
ing and air pollutant detection, etc. For this reason, there is
strong interest in the optimization of QC laser performance at
room temperature with high power efficiency. Much effort
has been undertaken in optimizing the QC laser performance
over the years. Since QC lasers are semiconductor lasers
based on intersubband transitions in quantum wells, one of
the most important parameters in QC laser performance is the
relationship between the lifetimes of the upper and lower
laser subbands, which determines the magnitude of popula-
tioninversion. Therefore, it is important to accurately account
for intersubband scattering when designing QC lasers.

The intersubband transition lifetimes can be determined by
various scattering processes such as longitudinal optical (LO)
phonons, longitudinal acoustic optical (LA) phonons, alloy
disorder, or ionized impurities. Traditionally, since
LO-phonons have the fastest scattering rate among those,
intersubband scattering in QC lasers is understood to be
dominated by LO-phonon scattering. What has long been
neglected is that interface roughness also causes intersubband
scattering. Interface roughness induced scattering may have
effects on the intersubband absorption, the temperature
dependent intersubband broadening and the transport process
limited by resonant tunneling, all of which strongly affect the
QC laser performance. Calculated interface roughness (IFR)
scattering lifetimes between the upper and lower laser states,
depending on the interface conditions, can be comparable to
or even faster than those caused by LO-phonon scattering.
However, a thorough experimental study ofthe effect of inter-
face roughness on intersubband scattering lifetimes is still
lacking.

FIG. 1ais a schematic conduction band diagram of'a Quan-
tum Cascade laser (QCL) 10. The QCL 10 generally includes
a plurality stages 12 configured in a cascade structure, each
stage 12 having an injection layer 14 and a quantum well
emission layer 16. Each stage also has one or more upper laser
levels and lower laser level(s). Light is generated by an inter-
subband transition of electrons from an upper laser level to a
lower laser level in the quantum well emission layer as dis-
cussed in more detail below.

FIG. 15 is an example of a ‘baseline’ design (band struc-
ture) of a QCL quantum well emission layer (active region)
20. In this example, the active region includes several quan-
tum wells 21, 23, 25. Several energy levels 22, 24, 26 and 28
are also illustrated. Of these energy levels, laser levels 24 and
26 actually participate in lasing transition as upper/lower
laser levels. That is, light is generated via intersubband tran-
sition of electrons from upper laser level 24 to lower laser
level 26 in the quantum well emission layer.

FIG. 1c¢ is an example of a “lower efficiency” QCL active
region 30 with a scattering barrier 37 disposed in the 2”4
quantum well 33. In this example, the active region includes
three quantum wells 31, 33, 35. Several energy levels 32, 34,
36 and 38 are also illustrated. Of these energy levels, laser
levels 34 and 36 actually participate in lasing transition as
upper/lower laser levels.

For improved performance, a scattering barrier should be
located in a quantum well such that scattering for the lower
laser level 36 is greater than scattering for the upper laser level
34. In order to maximize the performance increase, the scat-
tering barrier may be placed to maximize scattering for the
lower laser level 36 and/or minimize scattering for the upper
laser level 34. In general scattering increases at peaks in the
laser level.

In this example, the scattering barrier 37 (monolayer) is
located such that scattering for the lower laser level 36 is
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lower than scattering for the upper laser level 34. That is, the
scattering barrier 37 is placed in the 2nd quantum well where
a peak in the wave function of the upper laser level 34 over-
laps with the lower laser level 36. As a result, theoretical
calculations show about 50% reduction of upper state life-
time, which would in turn degrade the device performance
over the baseline design shown in FIG. 14.

FIG. 1d is an example of a “higher efficiency’ QCL design
42 with a scattering barrier 47 in the 3rd quantum well 45 to
speed up the carrier extraction from the lower laser state. In
this example, the active region includes three quantum wells
41, 43, 45. Several energy levels 42, 44, 46 and 48 are also
illustrated. Of these energy levels, laser levels 44 and 46
actually participate in lasing transition as upper/lower laser
levels.

In this example, the scattering barrier 47 is located such
that scattering the lower laser level 46 is greater than scatter-
ing for the upper laser level 44. That is, the scattering barrier
47 is positioned such that the peak in the lower energy level 46
(as measured from the zero level for the lower energy level) is
significantly higher than the peak in the upper laser level 44
(as measured from the zero level for the upper laser level).
This would result in roughly an increase of 35% in gain, and
~50% higher slope efficiency compared to the base design in
FIG. 1b. As explained above, In order to maximize the per-
formance increase the scattering barrier may be placed to
maximize scattering for the lower laser level 46 and/or mini-
mize scattering for the upper laser level 44.

Traditional QCL structures (FIG. 1la) are typically
designed using L.O design criteria and are therefore dimen-
sioned using [.LO-phonon spacing (~35-40 meV). In the above
design (FIG. 1d) the energy difference between the lower
laser state and the state below may be much larger than one
LO-phonon energy in order to minimize thermal back filling.
Such QCL designs are well suited for high temperature laser
applications. It is also noted that in this example, the scatter-
ing barriers 37 and 47 are generally configured with a mini-
mal thickness 49, e.g., ~0.30 nm, to preserve the geometry of
an existing QCL design. The scattering barriers may be
treated as one of the layers in QC laser structure, grown
during the same growth process as the rest of the QC laser
structure. The growing techniques may include typical depo-
sition technique such as molecular beam epitaxy (MBE) and
eetalorganic chemical vapor deposition (MOCVD). It should
be understood that the thickness of the scattering barrier may
be selected to alter the geometry and performance of a QCL
design (to set laser parameters).

It should be understood that the quantum well emission
layer may be configured with a plurality of quantum wells.
Two or more quantum wells may be configured each with a
scattering barrier positioned such that interface roughness
(IFR) scattering at the lower laser level is greater than IFR
scattering at the upper laser level.

In order to verify the effect of IFR scattering, disclosed
herein are the calculated the upper and lower laser level
lifetimes of 22 existing QC laser designs with and without the
consideration of IFR scattering. Assuming the same interface
roughness conditions for all designs, the calculated lifetimes’
dependence on IFR scattering may vary depending on differ-
ent lasing wavelength and material compositions as well as
design, i.e. wave function overlap with interfaces. We then
measure the non-lasing current and voltage (IV) characteris-
tic curves for 14 of these QC devices which are directly
available. Since the maximum current density is limited by
the upper laser level lifetime, a comparison with the calcula-
tions can be made. A significantly better agreement between
the experimental results and the calculations is determined
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when [FR scattering is taken into account which confirms that
IFR scattering plays an important role in intersubband scat-
tering in QC lasers.

Interface roughness can be modeled as a random profile
with Gaussian autocorrelation which is characterized by an
average root-mean-square step height A and an in-plane cor-
relation length A. The intersubband scattering lifetime (t;-z)
caused by interface roughness can then be calculated:

im* -n¥qg) ey
htipR = 7&/\2&/22 {hEfi)e 3

Here, 8U is the band offset, f,(z,) and f,(z,) are the wave
function amplitudes at the ith interface, and q,, is the absolute
value ofthe two-dimensional scattering vector in this process.
It should be understood that increasing the interface rough-
ness may result in increased performance since the A term is
squared in EQ. 1. Accordingly, the interface roughness may
be modified or controlled during or after formation, e.g.,
using growth interrupts or other techniques.

FIG. 2 shows the band structure of a QC laser with the
parabolas representing the energy dispersion for upper (sub-
band 2) and lower (subband 1) laser levels. The arrow q,,
illustrates the interface roughness induced transition from
subband 2 to subband 1. A constant A~0.15 nm which is about
half of the monolayer thickness and a A~6 nm are used for all
the designs analyzed in the following interface roughness
scattering calculations.

FIG. 3a is a graph showing upper laser level lifetimes
calculated for different QC laser designs in various wave-
length regions. FIG. 35 is a graph showing lower laser level
lifetimes calculated for different QC laser designs in various
wavelength regions. Squares are lifetimes calculated by IFR
scattering only. Circles are lifetimes calculated by L.O phonon
scattering only. Triangles are lifetimes taking into account of
both IFR and LO phonon scattering.

As shown in FIGS. 3a and 35, the lifetimes calculated from
IFR scattering (T,-z) are comparable to the lifetimes calcu-
lated from LO-phonon scattering (t; ), this means that the
effect of IFR scattering on intersubband scattering can no
longer be neglected, and both LO-phonon and IFR scattering
processes should be taken into account in calculating the
overall intersubband lifetimes. Combining both scattering
processes, T,,,,; can be calculated by 1/t,,,,~1/t; o+1/T;p
(shown as triangles in FIGS. 3a and 35).

For the upper laser level lifetimes, since the square ofq,; in
Eq. (1) is proportional to the transition energy between two
states, the calculated T thus has an exponential dependence
on the transition energy: the longer the wavelength, the
shorter the T,z is. While LO-phonon scattering rate is just
quadratically dependent on the scattering vector, IFR scatter-
ing has become the dominating intersubband scattering
mechanism for the longer wavelength (>8 um) QC lasers as
shown in FIG. 3a.

FIG. 4 is a graph showing the calculated upper laser level
lifetimes when both LO-phonon and IFR scattering are taken
into account as a function of wavelength. The dashed line is a
guide for the eye only. Even though [.O-phonon scattering
still dominates at the shorter wavelength range (~4 um), the
calculated T,,,,; is reduced by almost 50% when including
IFR scattering. Plotting the calculated <,,,,; as a function of
lasing wavelength, the dependence of upper laser level life-
times on the wavelength is clearly seen.
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On the other hand, the conventional depopulation energy
for the lower laser level is designed to be around 34 meV for
the QC laser designs we analyze here, so the difference
between T, of the lower laser level has very little depen-
dence on the depopulation energy. However, the material
compositions for different wavelength range designs are dif-
ferent, thus affecting the band offset d,, in Eq. (1). For QC
lasers with design wavelength >8 pm, lattice-matched
Ing 5;Gag 4, As/Al 45In, 5,As on InP is used; for QC lasers
with <8 um design wavelength, strain-balanced material is
used to create a larger band offset. The larger band offset for
short wavelength QC laser designs results in the domination
of the lower laser level lifetime by IFR scattering as can be
seen in FIG. 3b.

Quantum Cascade lasers are usually designed to have a
sufficiently quick electron injection from the preceding injec-
tor to the upper laser level through resonant tunneling (see
FIG. 2), and electrons depopulate similarly fast from the
lower laser level to the following injector. In the tight-binding
approximation, the current density can be written as:

210727, 2)

—gN — 1
PST a2 v A0, T,

where q is the electric charge, N, is the sheet doping den-
sity, |l is the coupling strength between the injector ground
state and the upper laser level, i) A (where } isthe reduced
Planck’s constant) is the energy detuning from resonance, T,
is the in-plane momentum relaxation time, and <, is the
upper laser level lifetime. When the system is at full reso-
nance (2 A=0) andthe coupling energy between the injector
ground state and the upper laser level is strong enough
(4|Q|2‘CMP‘U ' >>1), which is the case for most of the designs
analyzed here, the maximum current density (J,,,.) can be
conveniently written as I, =qN/T, ., and T, 2T,
Heret,,,,,.;,1s defined as the global transit time of the electron
across a period of the active region at resonance.

The current-voltage characteristics of 14 non-lasing circu-
lar mesa samples from the QC laser designs in FIG. 2 are
measured. As the applied voltage keeps increasing, the QC
device eventually encounters the cut-off voltage (V) at
which the ground state in the injector is no longer aligned with
the upper laser level, forming a kink in the IV and the differ-
ential resistance deviates from the original value.

FIG. 5is a graph showing the current-voltage characteristic
of'a non-lasing circular mesa sample at T=80 K. The J,,,, of
a QC device is determined as shown in FIG. 5. The inset in
FIG. 5 shows the light-current-voltage characteristics of the
laser fabricated from the same QC wafer. The cut-off voltage
is the same for both the lasing and non-lasing QC devices
though J,, .. increases for a laser device due to the reduction of
differential resistance when there is stimulated emission.
With ], for all 14 QC designs determined and using Ns of
eachdesign, T,,,,,,.;,can be extracted. The measuredt,, ., are
plotted in FIG. 5 as a function of lasing wavelength. A similar
dependence on the lasing wavelength for the measuredt,,,,,,;,
is also seen as in the case for the calculated T, (FIG. 4).

A direct comparison between the measurements and the
calculations can be made from the relationship between T,
and T, derived above. However, the actual doping density
may be slightly different from the designed values due to
different growth conditions. Also, the model used to derive
Eq. (2) underestimates electron transport through many injec-
tor states, it is more suitable to set upper laser level lifetime as
the lower limit for half of the transit lifetime. Therefore,
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instead of comparing the measured t,,,,,,.;,/2 values directly
with the calculated t,, values, we plot the calculated T, as a
function of the measured t /2 to illustrate the correlation
between them.

FIG. 7 is a graph showing the calculated upper laser level
lifetimes plotted as a function of half the measured transit
lifetimes with (triangles) and without (circles) taking into
account of interface roughness scattering. The inset table lists
the slopes, standard error and correlation coefficients of the fit
curves.

As shown in FIG. 7, the T,,, calculated using LO-phonon
scattering only are plotted as circles, the line (linear fit)
through all the data points has a slope of 0.43, standard error
0.27 and correlation coeficient of 0.43; the T,,, calculated
with both LO-phonon and IFR scattering are plotted as tri-
angles, the line (linear fit) through all the data points has a
slope of 0.66, standard error 0.15 and correlation coefficient
0.79. The much smaller error and the larger correlation coef-
ficient indicate a better agreement between the measured
Tyransiy @nd the calculated t,,, when IFR scattering is taken into
account, which confirms that IFR scattering plays a non-
negligible role for intersubband scattering in mid-IR QC
lasers. FIG. 6 is a graph showing measured transit lifetimes as
a function of the lasing wavelength. The different shapes
indicate different growth facilities and growth techniques.

In conclusion, theoretical calculations of both upper and
lower laser level lifetimes for many existing mid-IR QC laser
designs have been demonstrated with and without the con-
sideration of IFR scattering. The upper laser level lifetime is
reduced by almost a factor of 2 when not only LO-phonon but
also IFR scattering is taken into account; meanwhile, the
calculated lower laser level lifetimes show a dependence on
material compositions and the larger band offset results in the
domination of lower laser level lifetime by IFR scattering.
The importance of the calculated total upper laser level life-
time T, on lasing wavelength due to the energy of the tran-
sition in IFR induced intersubband scattering is also observed
in the measured ttransit: the longer the wavelength, the
smaller the t,,, or T, are. Linear relationships with slopes
0f 0.43+0.27 and 0.66x0.15; correlation coefficients of 0.79
and 0.43, with and without the consideration of IFR scattering
respectively, have been established between the measurement
and the calculation. The significantly better correlation when
both LO-phonon and IFR scattering are taken into account not
only proves the importance of including IFR scattering into
the evaluation of intersubband scattering lifetime in mid-IR
QC laser designs but opens the exciting possibility of using
interface roughness scattering to engineer lifetimes for
improved laser performance.

It should be understood that a wide variety of devices are
possible by engineering the intersubband lifetimes of quan-
tum cascade lasers (QCLs) with interface roughness scatter-
ing for improved laser performance. The disclosed tech-
niques position extra interfaces strategically into the
conventional QCL design to facilitate carrier depopulation,
and broaden the gain spectrum. The disclosed techniques also
relax the traditional design criteria which can help improve
device temperature performance. For example, the traditional
QCL structures designed using [LO-phonon design criteria are
typically dimensioned using optical phonon spacing (~35-40
meV). Designs based on the techniques herein may use a
spacing between subsequent energy levels in excess of LO-
phonon spacing.

Resulting devices are well suited for applications such as
trace gas sensing, breath analysis, glucose testing, etc., as
well as IR countermeasures, and have advantages including
being non-invasive, portable, and high power. Resulting

trarnsi

10

15

20

25

30

35

40

45

50

55

60

65

8

devices may be made, e.g., from molecular beam epitaxy
(MBE) or metalorganic chemical vapor deposition (MO
CVD).

Although features and elements are described above in
particular combinations, each feature or element may be used
alone without the other features and elements or in various
combinations with or without other features and elements.

What is claimed is:

1. A quantum cascade laser comprising:

a plurality stages configured in a cascade structure, each

stage having a quantum well emission layer and an injec-
tion layer, each stage having an upper laser level and a
lower laser level; and

a scattering barrier located in the quantum well emission

layer, the scattering barrier being positioned such that
interface roughness (IFR) scattering at the lower laser
level is greater than IFR scattering at the upper laser
level, the scattering barrier being located to maximize
IFR scattering for the lower laser level.

2. The quantum cascade laser of claim 1, wherein the
scattering barrier located to minimize IFR scattering for the
upper laser level.

3. The quantum cascade laser of claim 1, wherein the
scattering barrier is located to maximize IFR scattering for
the lower laser level and minimize scattering for the upper
laser level.

4. The quantum cascade laser of claim 1, wherein the
quantum well emission layer is dimensioned with a spacing
between the energy levels larger than LO-phonon spacing.

5. The quantum cascade laser of claim 1, wherein scatter-
ing barrier has a thickness configured to set laser parameters.

6. The quantum cascade laser of claim 1, wherein each
stage is configured with a plurality of quantum wells.

7. The quantum cascade laser of claim 1, wherein the
quantum well emission layer has two quantum wells, each
quantum well having a scattering barrier positioned such that
IFR scattering at the lower laser level is greater than IFR
scattering at the upper laser level.

8. The quantum cascade laser of claim 1, wherein the
scattering barrier has an interface roughness configured to
increase laser performance.

9. The quantum cascade laser of claim 8, wherein the
interface roughness is modified using growth interrupts.

10. A method of making a quantum cascade laser, the
method comprising:

forming a plurality stages configured in a cascade struc-

ture, each stage having a quantum well emission layer
and an injection layer, each stage having an upper laser
level and a lower laser level; and

forming a scattering barrier located in the quantum well

emission layer, the scattering barrier being positioned
such that interface roughness (IFR) scattering at the
lower laser level is greater than IFR scattering at the
upper laser level, the scattering barrier being located to
maximize [FR scattering for the lower laser level.

11. The method of claim 10, further comprising locating
the scattering barrier to minimize IFR scattering for the upper
laser level.

12. The method of claim 10, further comprising locating
the scattering barrier to maximize [FR scattering for the lower
laser level and minimize scattering for the upper laser level.

13. The method of claim 10, further comprising dimen-
sioning the quantum well emission layer with a spacing
between the energy levels larger than LO-phonon spacing.

14. The method of claim 10, wherein scattering barrier has
a thickness configured to set laser parameters.
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15. The method of claim 10, wherein each stage is config-
ured with a plurality of quantum wells.

16. The method of claim 10, further comprising forming
the quantum well emission layer with two quantum wells,
each quantum well having a scattering barrier positioned such 3
that IFR scattering at the lower laser level is greater than IFR
scattering at the upper laser level.

17. The method of claim 10, further comprising forming
the scattering barrier with an interface roughness configured
to increase laser performance. 10

18. The method of claim 17, further comprising forming
the scattering barrier using growth interrupts.

#* #* #* #* #*

10
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